Recently, the chromatographic technique has been a focus of attention as an effective tool to measure various thermodynamic properties of fluids, 1 such as the diffusion coefficient, vapor pressure, partition coefficient, solubility and adsorption isotherm. As well as the properties under ambient conditions, the chromatographic technique is useful for the measurements in supercritical fluids.
Theory
The theory for the CIR technique was described previously in detail, 2, 4, 5 and is briefly mentioned. When a tracer is pulseinjected into a fully developed laminar flow in a coated cylindrical column, the cross-sectional average concentration, Ca(t), at the outlet of the column is given as
where
and m is the amount of the tracer species, R the radius, t the time, L the distance from the inlet of the diffusion column, ua the average fluid velocity, k the retention factor, and D12 the infinite dilution binary diffusion coefficient of the tracer species, respectively. When ua is measured, D12 and k can be simultaneously determined by minimizing the root-mean-square (rms) error, ε, defined as follows for the measured Cexp(t) and calculated Ca(t) curves:
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where t1 and t2 correspond to the times at the front and latter 10% peak heights, respectively, of the measured response curve.
Experimental
Chemicals Myristoleic acid (C14H26O2, M = 226.4, 99%, Sigma), myristoleic acid methyl ester (C15H28O2, M = 240.4, 99%, Sigma), and hexane (95%, Aldrich) were used without further purification. Carbon dioxide with purity higher than 99.995% and water content <40 ppm was purchased from Showa Tansan Co., Japan. Myristoleic acid and its methyl ester were dissolved in hexane at concentrations of 1 × 10 -5 kg m -3 and 9 × 10 -6 kg m -3 , respectively. In preliminary measurements we confirmed that the dissolving solvent, such as hexane, has no influence on the diffusion coefficients and retention factors. 2, 4 Equipment and procedure
The experimental apparatus and procedure were almost the same as those described previously. 5, 6 The diffusion column was a polymer-coated capillary column (UACW-15W-1.0F, Frontier Laboratories Ltd., Japan, bonded polyethylene glycol film, thickness of 1 × 10 -6 m, 5.15 × 10 -4 m i.d., 15.30 m long and coiled diameter of 0.27 m). Carbon dioxide was supplied by a syringe pump (100DX, ISCO, USA), and the pressure was controlled by a back-pressure regulator (Model 880-81, JASCO, Japan). The pressure was measured using a Heise gauge placed just upstream at the sample injector (Rheodyne Model 7520, 0.2 μL). The temperature of the water bath and the pressure of the system were maintained within 0.01 K and 2 kPa, respectively. The response curve for the tracer injected was monitored with a high-pressure multi-UV detector in an interval of 1.6 s by scanning from 195 to 250 nm at increments of 1 nm. The ua values were measured by a soap-bubble flow meter after reduction to atmospheric pressure.
The wavelength dependences on the D12 and k values were examined for myristoleic acid and its methyl ester, as described in previous studies. 4, 5 As a result, the response curves measured at 200 nm were employed to determine the D12 and k values for each solute. All measurements were made at Re from 19 to 75, Sc from 3 to 16, and DeSc 1/2 values from 3 to 8, where Re is the Reynolds number, (ρuadtube)/η; Sc the Schmidt number, η/(ρD12); De the Dean number, Re(dtube/dcoil) 1/2 ; ua, the average velocity; η, the CO2 viscosity; ρ, the CO2 density; dcoil, the coil diameter of the diffusion column; dtube, the inner diameter of the diffusion column. Note that the effect of the secondary flow due to column coiling on the D12 value is less than 1% when DeSc 1/2 < 8. 7 The carbon dioxide densities were determined with the equations of Pitzer and Schreiber, 8 and Span and Wagner, 9 and the viscosities by the method of Fenghour et al. 10 
Results and Discussion
The measured D12 and k values together with the root-meansquare fitting error, ε, are listed for various temperatures, T, and pressures, P, in Table 1 . The CO2 density dependences of (a) D12, (b) k and (c) ε are plotted in Figs. 1(a) to (c). The D12 and k values for the acid and the methyl ester decrease with increasing CO2 density, as has been seen for all measured compounds. 2-5,11
It is known that the D12 values are roughly correlated with the solvent density, and the present data behave in the same manner. The D12 values for the ester are slightly higher than those for the acid, although the molecular weight of the ester is higher. This is also seen for γ-linolenic acid and its methyl and ethyl esters.
11
As has been seen, the k values are represented by a function of the CO2 density, while the function depends on the system. In this case, Eq. (4) is employed:
where ρ is the CO2 densities in kg m -3 , bi (i = 0 to 3) are constants for each solute with N data points at constant temperature, and the determined values are listed in Table 2 together with the average absolute deviations in percentage, AAD%. As shown in Fig. 1(b) , the k values for the ester tended to level off at CO2 densities higher than 500 kg m -3 , and measurements for the ester could not be made at higher CO2 densities due to low k values. As depicted in Fig (4) with the constants listed in Table 2 . ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 Figure 2 shows the D12/T vs. CO2 viscosity for (a) myristoleic acid, and (b) myriostoleic acid methyl ester measured in this study and a previous study, 12 together with the literature data of myristic acid ethyl ester. 13 The D12 values in the latter two studies 12, 13 were measured by the Taylor dispersion method. We have demonstrated the validity of the correlation in the following equation for a variety of compounds:
where T is the temperature in Kelvin, η is the CO2 viscosity in Pa s, D12 is in m 2 s -1 , and α and β are the constants for each system. The determined values of α and β are listed in Table 3 together with AAD%, for each solute. The temperature dependence is significantly observed for the methyl ester, as compared with various compounds, such as 2-propanone, 2-pentanone, benzene, phenol, α-tocopherol, β-carotene, ubiquinone CoQ10, γ-linolenic acid methyl and ethyl ester, trierucin, somewhat showing temperature dependences. 2, 3 However, at higher CO2 viscosities (pressures), the present data for the ester are consistent with the literature values.
12,13
Although the D12 data for myristoleic acid methyl ester, including those deviating from the background values probably due to a critical slowing down, are correlated by Eq. (5), depicted with a dashed line in Fig. 2(b) , having the α and β values listed in Table 3 , the accuracy (AAD% = 10.3%) is lower than those for various solutes. 2 However, Eq. (5), drawn with a solid line, represents the background data at 333.2 and 343.2 K. Figure 3 plots the Schmidt-number correlation 14 for the acid and the ester, where Sc + is the ratio of the Schmidt number at high pressure to that at atmospheric pressure under isothermal condition, and v and v0 are the CO2 molar volume and the CO2 hard-sphere closest-packed molar volume, respectively. As has been seen for various compounds studied, 2,3 the correlation is also effective for both compounds. Note that the hard-sphere diameters for both compounds were adjusted so as to minimize the deviation. The values and the accuracies are listed in Table  4 , together with the van der Waals diameters, σvw, estimated by a method of Bondi. 15 The data deviating from the correlation in Eq. (5) also correspond to the data deviating from the Sc number correlation. As depicted in Fig. 2(b) , the data for the ester also show temperature dependences.
The infinite dilution partial molar volumes, v -∞ l,m, for myristoleic acid and its methyl ester in supercritical carbon dioxide can be estimated from the values of the retention factor, as follows:
where v -∞ l,m and v -∞ l,s are the infinite dilution partial molar volumes of the solute for the mobile phase and the stationary phase, respectively, Rg is the gas constant and βT is the isothermal compressibility. Since v -∞ l,m is much larger than v -∞ l,s in the near critical region, the latter can usually be neglected. 
ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 Table 3 Determined and values in Eq. (5) a. Data at all temperatures. b. Data at 333.15 and 343.15 K, excluding those deviating from the background values (marked with "a" in Table 1 ). 12 and myristic acid ethyl ester (X, 308, 313 and 318 K) in the literature. 13 The legend for the present data is the same as in Fig. 1 . The solid line in (a) expresses Eq. (5) with the values in Table 3 . The dashed and solid lines in (b) designate all data and those not deviating at 333.15 and 343.15 K, respectively. Fig. 3 Schmidt-number correlation for myristoleic acid and myristoleic acid methyl ester. The legend is the same as in Fig. 1. the k values, but the values are not consistent.
Plots in D12/T vs. CO2 viscosity for the ester at 313.2 K are different from those at 333.2 and 343.2 K, as shown in Fig.  2(b) ; The reason is discussed from the viewpoint of the molecular diameter. Figure 5 plots the CO2 density dependences of the molecular diameters, σSE, obtained from the Stokes-Einstein equation, given by the following equation, for (a) myristoleic acid and its methyl ester, and (b) γ-linolenic acid 11 and its methyl ester, 11 together with σvw, estimated by the method of Bondi: 15
where kB is the Boltzmann constant. The σSE for the myristoleic acid methyl ester at 313.2 and 343.2 K show maximum values at 400 kg m -3 . The maximum value at 313.2 K is higher by ca. 50% than the σvw value, and the diameters seem to approach to the σvw value with increasing CO2 density. If larger diameters are caused by clustering, it is evident for the ester at 313.2 K, showing the maximum value at ca. 400 kg m -3 , where the partial molar volume becomes a large negative value, as shown in Fig.  4 . However, the diameter at 343.2 K is nearly constant over a wider range of the CO2 density, and the values are just slightly higher than the σvw value. The clustering for the ester is no longer evident at 343.2 K. A similar tendency of the σSE for γ-linolenic acid methyl ester can be seen in Fig. 5(b) . The σSE values at 313.2 K seem to reach the maximum value at 300 to 400 kg m -3 , although the value is not clear, and the maximum value at 343.2 K is lower than that at 313.2 K. Thus, the σSE values at temperatures closer to the critical temperature show higher maximum values, and correspond to the large negative values of the solute partial molar volumes. However, the σSE values for myristoleic acid and γ-linolenic acid linearly increase with decreasing CO2 density, and the relationships are almost irrespective of the temperature. Although the σSE data at 400 kg m -3 are not available due to experimental difficulty with the diffusion column employed, the strong CO2 density dependence of the σSE value is considered to be attributed to the carboxyl group, not the clustering in the near critical region (the critical density of CO2 is 468 kg m -3 ) 20 because the σSE values are correlated with the CO2 density over an entire range of CO2 density, i.e. 500 to 900 kg m -3 , where the data are available. The decreases in the D12 values for myristoleic acid methyl ester from the background are greater than those for γ-linolenic acid methyl ester. The deviation from the background values for fatty acid methyl esters having lower molecular weight is more evident. Thus, the clustering of the acids may occur even far from the critical point, and it cannot be concluded straightforwardly that the critical anomalies in D12 for the acid and the ester are observed. Further studies are required.
kBT ----3πηD12

Conclusions
Binary diffusion coefficients, retention factors, and partial molar volumes for myristoleic acid and myristoleic acid methyl ester at infinite dilution in supercritical carbon dioxide were measured at 313.21, 333.15 and 343.15 K, pressures up to 30 MPa by the chromatographic impulse response method using a polymer-coated column. Although the D12 values were roughly represented by the correlation of D12/T with the CO2 viscosity, 1435 ANALYTICAL SCIENCES NOVEMBER 2006, VOL. 22 19 The legend for the present data is the same as in Fig. 1 . and the Schmidt-number correlation with each hard sphere diameter adjusted, the plots for the ester showed significant temperature dependences. The D12 values for the ester at 313.21 K and around 400 kg m -3 deviate downward from the background values. The deviation corresponds to both the maximum values of the molecular diameters obtained from the Stokes-Einstein equation and the large negative value of the partial molar volume of the ester.
